A biofilm-forming strain of sulfate-reducing bacteria (SRB), isolated from a naturally occurring mixed biofilm and identified by 16S rDNA analysis as a strain of Desulfomicrobium norvegicum, rapidly removed 200 M selenite from solution during growth on lactate and sulfate. Elemental selenium and elemental sulfur were precipitated outside SRB cells. Precipitation occurred by an abiotic reaction with bacterially generated sulfide. This appears to be a generalized ability among SRB, arising from dissimilatory sulfide biogenesis, and can take place under low redox conditions and in the dark. The reaction represents a new means for the deposition of elemental sulfur by SRB under such conditions. A combination of transmission electron microscopy, environmental scanning electron microscopy, and cryostage field emission scanning electron microscopy were used to reveal the hydrated nature of SRB biofilms and to investigate the location of deposited sulfur-selenium in relation to biofilm elements. When pregrown SRB biofilms were exposed to a selenite-containing medium, nanometer-sized selenium-sulfur granules were precipitated within the biofilm matrix. Selenite was therefore shown to pass through the biofilm matrix before reacting with bacterially generated sulfide. This constitutes an efficient method for the removal of toxic concentrations of selenite from solution. Implications for environmental cycling and the fate of sulfur and selenium are discussed, and a general model for the potential action of SRB in selenium transformations is presented.
Sulfate-reducing bacteria (SRB) are a phylogenetically and physiologically diverse group of bacteria, characterized by their common capacity to conserve energy for growth by linking the oxidation of various substrates to the dissimilatory reduction of sulfate (S 6ϩ ) to sulfide (S 2Ϫ ). As such, SRB comprise a functional group within a sulfuretum, linking broad-scale cycling between sulfate and sulfide by ecological communities of SRB and sulfide-oxidizing bacteria (12, 28) . Biological reoxidation of reduced sulfur species typically occurs at oxic-anoxic transition zones and is attributed largely to phototrophs and chemolithotrophs. Small-scale cycling through elemental sulfur (S 0 ) also occurs and is generally attributed to syntrophic associations of sulfide oxidizers and sulfur reducers (3, 17) .
The biological cycling of selenium is receiving increasing attention, due not only to the biological importance of selenium as an essential trace element but also to the potential for selenium pollution to cause significant ecological damage (42) . Selenium is a group 16 metalloid element possessing several stable oxidation states. Under oxic conditions, selenium is present mostly as the oxyanions selenite (SeO 3 2Ϫ , Se 4ϩ oxidation state) and selenate (SeO 4 2Ϫ , Se 6ϩ oxidation state), whereas under anoxic conditions, selenide (Se 2Ϫ ) and elemental selenium (Se 0 ) appear predominant (5, 6) . Selenium is incorporated by organisms through selenide, is important in some enzyme systems, and may substitute for sulfur in amino acids and other organic molecules (2) . The (bio)chemical similarities of selenium to sulfur have also led workers to focus on the biological cycling of selenium by organisms involved in the sulfur cycle (46) . More recently, work has focused on the separate cycling of selenium and sulfur, particularly emphasizing the dissimilatory reduction of selenium by microorganisms as an important biogeochemical process in its own right (35) .
SRB have the capacity to enzymatically reduce small amounts of selenium in a number of ways. Selenate may be reduced to selenide in nanomolar amounts via the dissimilatory sulfate-reducing pathway, resulting in the production of volatile hydrogen selenide (46) . Assimilatory reduction of selenium by SRB is also required for the incorporation of selenide as an essential trace nutrient, and selenide may be released as the volatile alkylated species dimethyl selenide and dimethyl diselenide (24) . A separate pathway by which SRB enzymatically reduce selenium oxyanions to elemental selenium has also been demonstrated (40) . SRB do not appear to be able to couple this to growth, however, and the range of environmental circumstances under which this might take place is poorly understood.
Here we report on the precipitation of significant quantities of selenium and sulfur by SRB, growing as attached biofilm, under environmentally relevant conditions. This represents a further means for the removal of selenium from aqueous solution by SRB and demonstrates, for the first time, the capacity to precipitate elemental sulfur during sulfate-reducing growth. The microbially induced chemical reaction is detailed and the location and nature of the precipitate within intact biofilms is shown.
MATERIALS AND METHODS
Organisms, media, and culture conditions. A biofilm-adapted strain of Desulfomicrobium norvegicum (Dundee isolate 1) was used, originally isolated from a mixed culture obtained from an estuarine sediment of the river Tay (43) and identified by metabolic characterization and 16S rRNA analysis (C. Boothman, D. E. Holmes, S. L. Hockin, C. White, G. M. Gadd, and J. R. Lloyd, unpublished data). Selection for biofilm growth was maintained by repeated batch culturing to late stationary phase in the presence of a polystyrene coupon, to which the bacteria preferentially attached. The coupon was removed, aseptically cut into pieces, and used to inoculate further subcultures (43) . Cultures were maintained on a defined medium, modified from that of Widdel and Pfennig (45 Experimental conditions. The experimental medium was as described above, with the addition of 200 M sodium selenite to positive treatments (a concentration found to be subinhibitory to biofilm-grown SRB in preliminary experiments). The potential for abiotic interactions between selenium oxyanions and sulfide meant that the addition of sodium sulfide was unsuitable for experimental cultures. However, SRB are able to exert a degree of redox control over their environment, enabling the initiation of active sulfate reduction (9) , and at the relatively high inoculum densities used in these experiments, active sulfate reduction began without any appreciable lag time.
Biofilms were pregrown on 80-by 250-mm Thermanox coupons in 25-ml borosilicate glass vials fitted with butyl rubber bungs. The headspace was filled with high-purity nitrogen under positive pressure, and samples were taken by inserting a hypodermic needle through the bung. Before aseptic transfer to selenium-containing medium, biofilms were washed overnight in anaerobic sulfate-free salt solution to remove traces of free sulfate/sulfide. Media were adjusted to pH 7.0 and were thoroughly deoxygenated by sparging with high-purity N 2 . Manipulations were carried out in a nitrogen stream, and incubations were carried out under a nitrogen headspace at positive pressure at 30°C in the dark.
Measurement of selenite and sulfate. All samples were centrifuged (12,000 ϫ g, 8 min) to remove suspended and colloidal material before analysis. Supernatants were diluted with 0.1 M ZnCl 2 solution as appropriate, recentrifuged to remove resulting sulfidic precipitates, and membrane filtered (0.2-m pore size) directly into autosampler vials. Sulfate measurements were determined by ion chromatography with a PRP-X100 anion-exchange column in a Metrohm 733 unit with a 732 conductance detector linked to a 750 autosampler through Metrohm IC-Net software. The eluant was 5 mM potassium hydrogen phthalate in 2% (vol/vol) acetonitrile, adjusted to pH 4.6 with 1 M NaOH. The flow rate was set at 2.0 ml min Ϫ1 , the sample loop was 200 l, and the standard was sodium sulfate. Selenite was measured by anodic stripping voltammetry, with a dropping mercury electrode and potassium chloride reference electrode. The equipment comprised a Metrohm 633 VA stand with Autolab/Eco-chemie current recorder and voltage generator and Autolab GPES manager software. Samples were run in 16 ml of 2 M ammonium sulfate, with the addition of 1.6 ml of 0.1 M Na 2 EDTA as a chelating agent and 0.4 ml of 1.0 M CuSO 4 ⅐ 5H 2 O. The solution was adjusted to pH 2.2 with concentrated H 2 SO 4 . All reagents were analytical grade. Using this method, sensitivities into the nanomolar range were attained.
Electron microscopy. A Philips XL30 environmental scanning electron microscope (ESEM) with EDX facility, in dry operating mode, was used for elemental mapping and point analysis. Unfixed biofilms were carefully removed from culture media, equilibrated overnight in degassed anaerobic deionized water to remove sodium and potassium salts from the saline culture medium, and placed under an argon atmosphere to prevent oxidation before drying under a vacuum and coating with 5 nm of carbon. Analysis was carried out immediately after coating. Semiquantitative EDX analysis was carried out by using several replicate measurements standardized against powder mixtures of the elements of concern in a range of relative molar concentrations. Elements used as standards were at least Analar grade. Cryoelectron microscopy was carried out with a Hitachi S-4700 high-resolution field emission scanning electron microscope (FESEM) fitted with a low-temperature stage and Oxford Alto 2500 cryopreparation chamber. Biofilm samples were fixed in 2.5% (vol/vol aqueous) glutaraldehyde to prevent dehydration during freezing, snap-frozen in liquid nitrogen, fractured in the Oxford cryochamber, and sublimated at Ϫ90°C to reveal internal features before coating with 15 nm of carbon. For transmission electron microscopy, biofilms were prepared by rinsing in salt solution and fixing with 2.5% glutaraldehyde, as described above. A hydrophilic melamine resin (Nanoplast) was used to prepare blocks by part-curing for 2 days at 4°C under a nitrogen atmosphere, before being poured into a butyl-rubber mold, leaving a convex meniscus. Biofilms were carefully removed from cultures, and excess water was removed by wicking with a small piece of filter paper. A section of biofilm was then cut, carefully placed facedown over the mold, and allowed to settle into the resin. This was allowed to impregnate the biofilm and cure for a further 2 days at room temperature, under nitrogen, before raising the temperature to 40°C for the final cure. In this way, the hydrated structure of the biofilm was maintained. Thin sections (120 nm) were then prepared in the standard way, with a microtome fitted with a glass knife. Sections were mounted on copper grids for viewing and poststained with 1% lead citrate where appropriate.
Abiotic incubations. Reaction tests with spent culture medium and abiotic reaction mixtures were carried out in sealed 100-ml Wheaton bottles with nitrogen in the headspace. All solutions were sparged with nitrogen before use, and manipulations were carried out anaerobically. Spent culture medium was taken from late-stationary/decline-phase cultures of free cells. Cultures were lactate limited, and at the end of growth, no carbon or energy source remained available for active metabolism, except that from slow biomass turnover. Spent cultures contained ca. 10 mM total sulfide and had a pH of Ϸ8.5. Two hundred micromolar Na 2 SeO 3 was added directly to the cultures. Abiotic tests were carried out in 10 mM NaCl solution adjusted to pH 7.5, and all of these incubations were adjusted to pH 7.0 to 7.5 following the addition of reactants. Medium was 10 mM NaCl in deionized water, kept anaerobic by bubbling nitrogen, and adjusted to pH 7.5 before and after the addition of further elements by using HCl or NaOH as appropriate. Additions were 5.0 mM Na 2 S plus 250 M Na 2 SeO 3 ; 5.0 mM Na 2 S plus 250 M Na 2 SeO 3 plus 250 M FeCl 2 ⅐ 7H 2 O; 250 M Na 2 S plus 5.0 mM Na 2 SeO 3 plus 250 M FeCl 2 ⅐ 7H 2 O; 250 M Na 2 S plus 250 M Na 2 SeO 3 plus 5.0 mM FeCl 2 ⅐ 7H 2 O; and 250 M Na 2 SeO 3 added to extant FeS precipitate. The precipitates that formed were collected by shaking the bottle and drawing off the medium plus suspended precipitate with a syringe and hypodermic needle inserted through the seal. The suspension was passed through a 0.2-m-pore-size cellulose nitrate membrane filter and washed with two syringe volumes of anaerobic sodium chloride solution. Filters were mounted directly onto the microscope stage for analysis. These experiments were carried out over a number of days, and pH changes and precipitates were allowed to equilibrate overnight.
RESULTS
Selenite removal from solution. When preformed biofilms of D. norvegicum were used to inoculate batch cultures containing 200 M selenite, rapid removal of selenite from solution took place (Fig. 1) . Selenite disappearance began shortly following the commencement of sulfate-reducing growth and was complete before cultures reached the point of substrate (lactate) limitation (about 48 h). No significant removal of selenite occurred in abiotic control incubations containing polystyrene coupons (data not shown). An orange-red color developed in the biofilm within 24 h, and subsequently, an orange color also developed in the medium.
Location and nature of the precipitate within the biofilm. After washing, biofilms retained their coloration. EDX maps of washed, selenite-exposed biofilms showed strong peaks for the presence of both selenium and sulfur while detectable quantities of transition metals were not present, in contrast to control biofilms (Fig. 2) . Apart from carbon and oxygen peaks (from the carbon coating and from the organic biofilm matrix) and sodium (sodium chloride remaining within the matrix), no other elements were present in detectable quantities.
Examination of washed, selenite-exposed biofilms by ESEM showed that abundant spherical nanometer-to-micrometer- sized particles were associated with the biofilm (Fig. 3a) . This was in contrast to the much smaller and less abundant amorphous metal sulfides associated with control biofilms. Rastergenerated EDX maps showed that the distribution of both selenium and sulfur near the biofilm surface was associated with the presence of the granules, whereas carbon distribution was inversely related to that of the granules (Fig. 3) . No associations were found for other elements. Point EDX analysis of aggregated granules (spot size, ca. 1 m) showed that the granules contained selenium and sulfur in the approximate relative atomic Se/S ratio of 1:1.5. Using cryofracturing in conjunction with low-temperature FESEM, it was possible to image sections of biofilms that retained their hydrated form. Selenite-exposed biofilms that were prepared in this way clearly showed the presence of granules precipitated beneath the biofilm canopy and abundantly present within the biofilm matrix (Fig. 4) . The polygonal voids within the matrix were caused by the formation of ice crystals during plunge-freezing which were then sublimated in the microscope prechamber. Although this may have led to some short-distance movement of elements from the center to the edge of the crystal, the effect is fortuitous in allowing a three-dimensional view through the interior of the biofilm section. A typical example is shown, taken from a region near the biofilm surface, to aid the orientation of the viewer (Fig. 4) . However, similar granules could be seen throughout the biofilm profile. These were not seen in control biofilms.
Further investigation of the location of the precipitated granules, with a hydrophilic melamine resin, preserved the colocation of cells and precipitated elements within the hydrated matrix structure (Fig. 5 ). The section clearly shows that electron-dense (dark colored) granules are distributed right through the biofilm section, although they are more abundant in the upper portion of the biofilm. The granules were associated with cell surfaces, or were remote from cells, within the extracellular polymer (EPS) matrix (Fig. 5, inset) . It can be seen that some dehydration of cells occurred during the postcure, causing a crinkled appearance. However, the cell membranes remained intact and granules were always observed outside the cell wall and never in the cytoplasm, or periplasm, as might be expected had direct enzymatic reduction of selenium been involved in precipitation.
Abiotic tests. Tests with spent cultures showed that an orange-colored precipitate, similar to that seen in growing, developed within minutes of adding sodium selenite. EDX scans of washed precipitates (data not shown) confirmed that sulfur and selenium were the only two significant elements present. Using 0.2-m-pore-size-filtered, cell-free medium made no difference to this. The results of abiotic tests with simple reaction mixtures showed that it was possible to recreate the precipitation reaction seen in SRB biofilm cultures. Selenium and sulfur were precipitated under all conditions (Fig. 6) where sulfide was present in solution. However, the addition of increasing concentrations of iron when sulfide was limiting inhibited selenium deposition. Where iron and sulfur were only present as extant FeS, this inhibited selenium deposition completely over the time during which observations were made. Acidification of this medium caused dissolution of the acidlabile FeS, and on raising the pH to above neutral, selenium and sulfur precipitated as for the other treatments.
DISCUSSION
Selenite removal began early during SRB biofilm incubation and was largely complete within 24 h (Fig. 1) . The pronounced orange-red color that developed was in marked contrast to control biofilms that developed a grey-black color due to the precipitation of transition metal sulfides. Most of the selenium initially present in cultures was found to be precipitated within the biofilm matrix, but outside SRB cells, as nanometer-sized spherical granules containing both selenium and sulfur. Electron microscopy revealed the form and content of the deposited selenium-containing granules ( Fig. 3 and 4) . Although cell growth occurred during experimental incubations and free cells were released into the medium, new growth has consistently been shown to be from the surface of bacterial biofilms, with extant cells remaining irreversibly embedded within the EPS matrix (13, 21) . The appearance of granules deep within the matrix therefore demonstrates that these solids form within the biofilm structure. Entrapment of granules precipitated in the bulk medium also takes place at the biofilm surface, enhancing the ability of the biofilm to accumulate these elements from the surrounding environment. These results differ from those for the deposition of copper and cadmium sulfides, which appeared to be limited to surface layers of the biofilm (43, 44) . While SRB biofilm matrix components include moieties with the capacity to bind metal cations (1, 11) , less is understood about the interactions of EPS components with (oxy)anions. These results show that extracellular components of the SRB biofilm do not play a fundamental role in preventing the diffusion of selenite through the biofilm, but rapid extracellular precipitation of selenium may constitute an effective defense mechanism. Such information is useful when considering the potential use of these organisms for bioremediation and in developing an understanding of the ability of Had selenium adsorption and coprecipitation with metal sulfides, or the precipitation of metal selenides, contributed significantly to selenium removal from solution, then a significant iron content would be expected in the granules, which was not the case. Enzymatic reduction of selenite to Se 0 would have resulted in a selenium signal greatly exceeding those of other elements. However, sulfur was also present in large amounts. Previous observations of enzymatic seleno-oxyanion reduction also suggest that selenium deposition is intracellular (40) . An apparent abiotic reaction of selenite in SRB culture has been noted by previous workers (27, 40) . The results described here are best explained by such an abiotic interaction and are consistent with an exothermic oxidation-reduction reaction between selenite and sulfide.
A two-step model is therefore proposed for the dual-precipitation of selenium and sulfur from solution by an abiotic, but biologically mediated, pathway. Sulfate acts as a terminal electron acceptor for anaerobic respiration, resulting in the production of sulfide, which then participates in an abiotic reaction with selenite. Using published log K values (19, 22, 32, 36) , the reductions of sulfate to sulfide and of selenite to elemental selenium at pH Ͼ7.5 can be represented by the half reactions:
while the oxidation of sulfide to elemental sulfur can be represented by:
Reactions 2 and 3 can be combined to represent the oxidation of sulfide by selenite: 
This is a strongly exothermic reaction and is thermodynamically favored over competing reactions such as the formation of amorphous iron sulfide:
The reaction as given in equation 4 predicts a 1:2 ratio for Se to S, but results of semiquantitative EDX analysis gave a range of ratios that were somewhat lower than this, at ca. 1:1.5. Although such data must be interpreted with caution, results were consistent between replicates and repeat measurements. There may be a number of biological and chemical explanations to account for the lower Se/S ratio (20, 22, 36) , and experiments were carried out to investigate this. The rapid precipitation of selenium and sulfur in cell-free spent medium showed that the reaction did not require the presence of cells. Tests with simple chemical reactants (Fig. 6) showed that an abiotic reaction took place between selenite and sulfide under reducing conditions. Precipitation still occurred in the presence of Fe 2ϩ , but very high concentrations of iron inhibited selenium precipitation. Where all iron and sulfur were present as extant FeS, Se precipitation was inhibited, but when Fe 2ϩ and S 2Ϫ ions were released by acidification of this medium and the mixture was brought back to circumneutral pH, selenium and sulfur precipitated as before.
It was in fact possible to control the precipitate fractions by manipulating the equilibrium pH. When only sulfide and selenite were present (in addition to Na ϩ and Cl Ϫ ), sulfur was the sole precipitate at pH Ͻ3.0. When pH was Ͼ10.0, only selenium was precipitated, and at values between these two limits, mixtures of sulfur and selenium were precipitated in various fractions. Where Fe 2ϩ was present in excess, the above situation was modified, with the exclusive formation of FeS above a pH Ϸ10.5. This can be interpreted in terms of the relative stability fields of elemental sulfur, selenium, and FeS plus the very low solubility of FeS at high pH (21, 30, 32) . Under low redox and low pH conditions, sulfur is precipitated while selenium is replaced by selenite and selenide, and at high pH, the reverse is true. The formation of soluble polysulfides and polyselenides appears to be a possibility under such circumstances (18, 34) . At moderate pH values and under reducing conditions, both elements are well within their stability fields and a mixture of the two is precipitated. This interpretation adequately explains why the precipitates from the biofilm incubations were relatively enriched for selenium; at the pH value of about 8.5 reached during incubation, selenium is more stable than sulfur and so makes up a higher proportion of the precipitate. It is possible that somewhat higher pH values also develop within the biofilm during active metabolism, further favoring selenium precipitation. This implies that selenium and sulfur can be precipitated by SRB during application in bioreactors containing mixed metal and metalloid liquors, as well as under a wide range of environmental conditions, but that formation of FeS (or other transition metal sulfides) may inhibit the reaction where Me 2ϩ Ͼ Ͼ S 2Ϫ and at a pH above neutral. However, in ocean surface and estuarine sediments, free iron is frequently in the subpicomolar range while sulfide and selenium are widely present in surface waters at nanomolar to micromolar concentrations (6, 7, 8, 15, 23, 41) . This ratio may be further enhanced within SRB biofilms that contain locally elevated sulfide concentrations but where transition metals are partially excluded by adsorption and metal sulfide precipitation. The above reaction serves to extend the generalized model for the potential transformations of selenium by SRB (Fig. 7) .
Dissimilatory bacterial selenium reduction has been proposed as a major source of elemental selenium (10, 25, 26) , and reduction of Se 6ϩ by SRB is probably not important in selenate-impacted environments (25) . However, while microbial selenate reduction in sediments is widespread (35) , the dissimilatory reduction of selenite (Se 4ϩ ) appears to be much less so (37) . In contrast, SRB are ubiquitous in anoxic microniches within more oxidized environments, where concentrations of dissolved selenium species are generally higher (14, 23, 25, 29, 33, 38, 39) .
The presence of terms to simulate rapid reduction and sequestration of selenium within sediments is critical to models predicting the removal and fate of selenium from selenite-impacted waters (4) . Dissimilatory reduction of selenite has been assumed as the mechanism, but this may be questionable, as SRB activity has the potential to drive the removal of selenite from pore waters even in relatively sulfate-deprived freshwater environments (16, 31) . This would depend on the ability of the process to compete with other chemical reactions and biological transformations. The evidence from the in vitro experiments described above is that the reaction is rapid and can take place in preference to the formation of transition metal sulfides. Nevertheless, studies to investigate the production of elemental selenium from biologically generated sulfide under environmental conditions would be necessary to assess the relative contribution of this mechanism to selenium cycling.
